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SUMMARY 


The  main  objective  of  this  progi-am  is  the  investigation  of 
pulsed  electrical  CO  lasers  to  determine  their  potential  scaling  to 
large  scale,  high  power  operation.  The  program  is  based  on  the 
application  of  the  electron  beam  ionizer- sustainer  concept  to  the 
vibrational  excitation  of  CO  with  temperature  controlled  operation. 

The  following  areas  of  investigation  are  included  in  the 
current  contract: 

1)  Investigation  of  the  electron  beam  current 
requirements  and  the  E/p  range  for  sustainer 

t 

discharge  excitation  of  CO  and  CO/N2  mixtures. 

2)  Design  and  construction  of  the  electron  gun  and 
laser  cavity  for  operation  at  gas  temperatures 
from  100°K  to  300°K. 

3)  Experimental  investigation  of  the  multiline/ 
multimode  operation  over  a  range  of  gas 
temperature  and  pressure  up  to  the  equivalent 
of  one  atmosphere  at  room  temperature. 

4)  The  extension  of  the,  theoretical.model,  to  the 
directly  excited  CO  laser  including  calculations 
of  the  transient  gain  and  power. 

During  the  first  six  months  of  the  contract  the  following 
technical  results  were  achieved: 


i 


H 


1)  Measurement  of  the  electron-ion  recombination 
rates  in  CO  plasmas  at  pressures  of  up  to  one 
atmosphere  and  average  electron  energies  from 
0.  2  to  0.  7  eV. 

2)  The  design  and  construction  of  a  1  meter  long 
by  20  cm  wide  electron  beam  and  power  supply. 

Initial  performance  tests  have  yielded  current 
densities  up  to  100  mamp/cm  . 

3)  The  design  and  construction  of  a  20  liter  cavity  with 
temperature  controlled  discharge  electrodes  and 

a  variable  temperature  gas  supply  which  can  be 
cooled  to  approximately  100°K. 

4)  Construction  and  testing  of  a  45  kjoule  capacitor 
bank  and  crowbar  assembly  for  use  with  the 
sustaining  discharge. 

5)  Extension  of  existing  theoretical  models  for  steady 
state  CO  lasers  to  the  case  of  a  uniformly  excited 
pulsed  CO  laser. 

Considerable  delays  were  experienced  in  the  fabrication  of 
the  variable  temperature  discharge  electrodes,  in  particular  the 
multi-tube  porous  cathode  assembly.  These  delays  resulted  from 
vendor  problems  in  the  laser  drilling  of  .  010  inch  holes  in  the  thin 
wall  cathode  tubes  and  resulted  in  a  one  month  setback  in  the  program. 


1.  INTRODUCTION 


The  CO  laser  program  has  the  objective  of  investigating  the 
performance  characteristics  of  the  pulsed  electrical  CO  laser  using 
the  electron  beam- sustainer  discharge  excitation  scheme.  The 
experimental  investigation  is  intended  to  cover  a  wide  variation  in  gas 
temperature,  from  100°K  to  300°K  to  observe  the  expected  enhancement 
of  the  lasing  output  with  decreasing  translational  temperature.  The 
development  of  a  theoretical  model  of  the  complex  multi-vibrational 
level  system  is  included  in  the  overall  program  to  provide  support  for 
the  design  of  the  apparatus  and  the  interpretation  of  the  experiments. 

The  following  arenas  of  investigation  are  included  in  the  current 
contract:  i 


1)  Investigation  of  the  electron  beam  current  requirements 
and  the  E/p  range  for  sustainer  discharge  excitation  of 
CO  and  CO/N2  mixtures. 

2)  Decign  and  construction  of  the  electron  gun  and  laser 
cavity  for  operation  at  gas  temperatures  from  100°K 
to  300°K. 

3)  Experimental  investigation  of  the  multiline/multirriode 
operation  over  a  range  of  gas  temperature  and  pressure 

up  to  the  equivalent  of  one  atmosphere  at  room  temperature. 

4)  The  extension  of  the  theoretical  model  to  the  directly 
excited  CO  laser  including  calculations  of  the  transient 
gain  and  power. 
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During  the  first  six  months  of  the  contract  the  following 
technical  results  were  achieved; 

1)  Measurement  of  the  electron-ion  recombinaticn 
rates  in  CO  plasmas  at  pressures  of  up  to  one 
atmosphere  and  average  electron  energies  from 
0.2  to  0.7  eV. 

2)  The  design  and  construction  of  a  1  meter  long 

by  20  cm  wide  electron  beam  and  power  supply. 

Initial  performance  tests  have  yielded  current 
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densities  up  to  100  mamp/cm  . 

3)  The  design  and  construction  of  a  20  liter  cavity 
with  temperature  controlled  discharge  electrodes 
and  a  variable  temperature  gas  supply  which  can 
be  cooled  to  approximately  100°K. 

4)  Construction  and  testing  of  a  45  kjoule  capacitor 
bank  and  crowbar  assembly  for  use  with  the 
sustaining  discharge, 

5)  Extension  of  existing  theoretical  models  for  steady 
state  CO  lasers  to  the  case  of  a  uniformly  excited 
pulsed  CO  laser. 

Considerable  delays  were  experienced  in  the  fabrication  of 
the  variable  temperature  discharge  electrodes,  in  particular  the 
multi-tube  porous  cathode  assembly.  These  delays  resulted  from 
vendor  problems  in  the  laser  drilling  of  .  010  inch  holes  in  the  thin 
wall  cathode  tubes  and  resulted  in  a  one  month  setback  in  the  program. 
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II.  500  joule/pulse  experiment 


An  experimental  CO  laser  has  been  designed  and  built  with 
the  ultimate  aim  of  producing  500  joules/pulse  multimode  output 
energy  in  approximately  50  to  500/isecs.  A  schematic  of  the  device  is 
shown  in  Fig.  1.  and  a  photograph  in  Fig.  2.  The  entire  laser  assembly 
includes  the  following  components: 

1) .  One  meter  long  by  20  cm  wide  electron  beam  source 

2 

•  designed  for  operation  up  to  100  mamps/cm  at 
electron  energies  up  to  150  kV  being  supplied  by  a 
1.  5/liF  capacitor  bank  with  a  0-200  kV  charging 
power  supply. 

2)  Control  circuitry  for  pulse  modulating  the  electron 
beam  current. 

3)  A  45  kjoule  capacitor  bank  with  an  ignitron  crowbar 
capable  of  operation  in  the  voltage  ranges  0-20  kV, 

0-40  kV,  0-£0kV. 

4)  Temperature  controlled  anode  and  cathode  electrodes 
for  the  sustaining  discharge.  The  cathode  was  designed 
as  a  semi-porous  structure  so  that  it  can  be  used  as 
the  gas  source,  the  gas  being  passed  through  a  heat 
exchanger  before  entry  to  the  cathode. 

5)  An  evacuable  cavity  box  to  house  the  discharge  electrodes 
and  cavity  optics.  This  structure  is  connected  to  a 

120  cfm  pump  for  the  continuous  flow  of  gas  during  the 
laser  operation. 
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6)  Multimode  optical  cavity  employing  a  hole  coupled 
mirror  for  the  extraction  of  energy.  Both  10% 
and  33%  coupling  mirrors  are  available. 

The  entire  apparatus  (Items  (1)  through  (6)  )  was  built  and 
assembled  by  the  end  of  the  first  l/2  year.  Initial  performance  tests  were 
made  on  the  electron  gun  assembly  and  current  densities  of  up  to 
100  mamps/cm^  were  obtained  at  130kV.  The  entire  construction 
program  was  delayed  by  over  a  month  due  to  vendor  supply  problems 
with  the  discharge  electrodes.  The  rnain  problems  were  with  the  laser 
drilling  of  the  thin  walled  tubing  for  use  as  the  porous  cathode. 


m.  DISSOCIATIVE  RECOMBINATION  MEASUREMENTS 

In  the  large  volume  electron  beam  sustained  discharge,  the 
main  process  limiting  the  electron  density  is  the  recombination  of 
electrons  with  the  molecular  position  ions.  Previous  experiments 
in  both  noble  gases  and  several  diatomic  molecules  have  shown  that 
the  electron-ion  recombination  process  is  probably  dominated  by 
dissociative  recombination^  in  which  the  electron  is  trapped  with 
the  subsequent  formation  of  two  neutral  atoms  or  molecules. 

These  measurements  hav'"  been  made  at  low  pressures,  up  to 
several  Torr,  and  have  indicated  room  temperature  recombination 
rate  coefficients  in  the  range  lO"^  to  10"^  cmVsec.  ^  Experiments 

..23.  4 

m  nitrogen,  oxygen  and  nitric  oxide  have  demonstrated  that 
dimer  ions,  such  as  exhibit  larger  recombination  coefficients 

than  the  monomer  ions  at  room  temperature.  These  dimer  ions 
are  formed  in  termolecular  reactions  at  higher  pressures.  It  is 
evident  therefore  that  low  pressure  measurements  cannot  by 
themselves  be  used  to  indicate  the  effective  recombination  rate 
coefficient  under  high  pressure  discharge  conditions. 

The  present  report  describes  measurements  of  the  effective 
electron-ion  recombination  rates  in  high  pressure  CO  discharges  with 
pressures  up  to  1  atmosphere  and  electron  temperatures  varying 
from  .2  to  .  7  eV,  the  ion  and  neutral  temperature  being  approximately 
300°K.  These  measurements  are  of  interest  in  the  high  pressure 
electric  CO  laser.  Previous  measurements  of  electron-ion  recombination 
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in  CO  have  been  limited  to  low  pressure.  Mentzoni  and  Donohoe^ 
using  microwave  diagnostics  in  a  plasma  afterglow  measured  an 
electron-ion  recombination  rate  of  6.  8  x  10  cm  /sec  at  room 
temperature.  They  also  measured  the  recombination  rate  at  775°K 
and  deduced  that  the  recombination  rate  was  independent  of  pressure 
up  to  2  Tor r  ^  at  this  temperature. 

7  8 

Recently,  Chong  and  Franklin  and  McDaniel  et.  al.  have 

measured- the  throe  body  rate  for  the  conversion  of  CO'*’  into  the  dimer 

ion  ^202^  at  room  temperature.  This  rate  is  large,  of  the  order  of 
-2  8  6 

10  cm  /sec,  and  based  on  the  measured  equilibrium  constant  of 
1482,  referred  to  the  standard  atmosphere ,  it  is  clear  that  the  dimer 
ion  will  dominate  the  monomer  ion  at  pressures  above  1  Torr  at  room 
temperature.  The  absence  of  a  detectable  variation  of  the  recombination 
rate  with  pressure  in  the  high  temperature  experiment  of  Mentzoni  and 
Donohoe^  may  be  interpreted  as  resulting  from  the  breakup  of  the 
weakly  bound  dimer  ion  at  high  temperature.  However,  the  dimer  ion 
is  expected  to  be  important  in  the  high  pressure  electric  CO  lasers 
which  are  usually  operated  at  or  below  room  temperature.  ’  It  should 
be' pointed  out  that  the  expected  average’ion  energy  in  excess  of  the 
thermal  values  in  these  lasers  is  insignificant, based  on  the  mobility 

g 

measurements  of  McDaniel  et.  al-,  over  the  anticipated  range  of  E/N 
of  less  than  5x10  volt-cm^  for  the  high  pressure  electric  CO  laser. 

Although  it  would  be  desirable  to  mass  identify  the  positive  ions 
taking  part  in  the  recombination  process,  this  was  not  done  in  the 
present  experiments  because  of  the  extreme  difficulty  of  mass  sampling 


from  such  high  pressure  systems  without  destroying  or  altering 
the  ion  composition  in  the  sampling  process.  Although  ion  sampling 
has  been  achieved  at  pressures  up  to  70  Torr,  this  has  involved  the 
development  of  very  large  nozzle  flow  sampling  systems,^ ^  and  this 
was  beyond  the  scope  of  the  present  work. 


EXPERIMENTAL  METHOD  AND  PROCEDURE 


An  electron  beam- sustained  discharge  is  used  to  create  the  plasma 

in  the  gas.  This  technique  has  been  used  recently  in  the  development  o£ 

high  pressure  large  volume  CO  and  CO2  gas  lasers.  A  schematic  of  the 

apparatus  is  shown  in  Fig.  3.  A  hundred  kilovolt  electron  beam  is  used 

to  ionize  the  gas  and  so  create  a  plasma  of  secondary  electrons  with  a 
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typical  density  of  the  order  of  10  per  cm  .  The  energy  of  the 
secondary  electrons  is  controlled  by  a  sustaining  discharge  as  shown 
in  Fig.  3  in  which  a  uniform  electric  field  is  applied  across  the  gas. 

A  broad  area  electron  beam  (10cm  x  10cm)  is  employed  to  produce 
uniform  ionization  in  the  gas  thereby  minimizing  transverse  gradients 
and  diffusion  effects.  T^'.e  principle  of  the  experiment  is  to  pulse  the 
electron  beam  on  and  of  with  a  square  profile  and  to  monitor  the  temporal 
variation  in  the  electron  current  and  hence  the'  electron  density  in  the 
ionization  portion  and  the  afterglow  produced  by  the  pulsating  electron 
beam.  Since  the  electron  density  is  determined  by  a  balance  between 
the  production  and  loss  mechanism,  it  is  therefore  possible  to  extract 
the  electron  ion  recombination  rate  from  the  temporal  variation  in  the 
electron  density. 

The  sustaining  discharge  is  produced  between  two  broad  area 
electrodes  one  of  which,  the  cathode,  is  porous  and  is  mounted  over  an 
alumijtum  foil  to  allow  the  electron  beam  to  penetrate  into  the  discharge 
region.  The  electron  energy  is  chosen  to  be  high  enough  to 
provide  uniform  energy  deposition  in  the  region  between  the  discharge 
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electrodes  which  was  5  cm  in  the  present  experiment.  This  distance 

is  small  compared  to  the  range  of  the  primary  electrons  which  is 

12 

approximately  15  cm  at  a  density  of  one  amagat  and  varies  inversely 
with  density.  Electrostatic  probes  are  used  to  monitor  the  electric 
field  in  the  discharge  region.  This  is  necessary  because  the  cathode 
fall  and  anode  fall  cannot  be  predicted  a  priori  and  may  be  expected 
to  vary  with  the  .gas  density.  The  discharge  current  density  was 
monitored  by  measuring  the  current  to  an  isolated  button  in  the  center 
of  the  anode.  The  applied  electric  fields  were  in  the  range  from  500  volts/ 
cm  to  5000  volts/cm  and  for  the  gas  pressures  from  100  Torr  to  700  Torr, 
the  E/N  range  of  the  experiment  was  from  2x10  '  volt-cm^  to  2  x  lO” 

VO  It- cm  .  This  corresponds  to  an  average  electron  energy  from  0.  2  to 

1 

0.  7  eV.  Under  these  conditions  the  electron  energy  is  coupled  mainly 
to  the  vibrational  degree  of  freedom  and  the  translational/rotational 
temperature  is  not  expected  to  increase  by  more  than  20°K  in  the 
timescale  of  the  experiment,  approximately  lOOj^sec. 

The  entire  discharge  volume  was  evacuated  by  means  of  a  cold 
trapped  diffusion  pump  and  subsequently  charged  to  the  required 
pressure  with  CO  via  a  cold  trap.  The  purity  of  the  gas  proved  to  be 
a  significant  problem  in  these  experiments.  Some  early  measurements 
indicated  the  attachment  of  electrons  to  some  impurity  in  the  CO  supply. 
Because  of  the  relatively  low  electron  energy  in  these  experiments 
dissociative  attachment  to  CO  is  expected  to  be  insignificant.  Varying 
grades  of  carbon  monoxide  were  used  and  no  correlation  was  observed 
between  the  rate  of  attachment  and  the  stated  puritv  of  the  gas  supply. 

I 

Iron  pentacarbonyl,  FefCOlg.was  suspected  as  the  attaching  impurity 
since  measurements  by^  Lee  had  indicated  a  very  large  attachment  cross 
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section  for  low  energy  electrons  to  the  carbonyl.'  The  presence  of  the 
carbonyl  in  some  of  the  dO  cylinders  was  verified  by  I.  R.  absorption 
spectroscopy  and  one  cylinder  of  Matheson  UHP  CO  showed  50  ppm  ' 
of  the  carbonyl.  This  impurity  content  resulted  in  good  agreement, 

■  I  <  .  . 

between  experimental  and  theoretical  discharge  currents  assuming  '  ' 

I 

*  1  O 

the  attachment  rates  observed  by  Lee.’  Subsequent  removal  of  the 

Fe(CO)g  either  by  the  use  of  an  in-line  cold  trap  dr  by  heating  the  ga^ 

to  600°C  (thereby  breaking  the  CO  bonds  in  the  |Carbonyl)  result-id  in  a 

dramatic  increase  in  the  discharge  current.  i  Liquid  nitrogen  cold  traps 

proved  to  be  not  as  effective  in  freezing  out  the  carbonyl  as  a  cold  trap  • 

at  -90°C.  The  reasons  for  this  are  not  known  p-lthoUgh' po  further  attempt 

]  ’  , 
was  made  to  improve  or  vary  the  desi'gn  of  the  cold  trap.  It  should  be  , 

pointed  out  that  the  cold  trap  did  not  remove  all  the  carbonyl|as  evidenced 

■'  I  '  ; 

by  some  attachment  chaifacteristics  of  the-electron  density  measurements 

I  I 

indicating  the  presence  of  the  order  of  one  ppm  of  the  carbonyl  in  the  gas. 

Both  Matheson  and  Linde  CP  grade  CO  were  used  in  the  final'  e.xperiments 

‘  ■  I  ’ 

since  they  showed  the  minimum  attachment  characteristics. 

1  '  I  I 

Typical  election  beam  anid  sustaining  di)Schargc'  current  profiles 

'  .  I  ■  ' 

■ire  shown  in  Fig.  4.  In  the  absen.:e  of  any  impurity  detachment,  the 
analysis  of  the  experiment  is  eottremely  simple  since  the^  only  electron  , 

'  '  I  '  '  ■ 

loss  mechanism  is  the  electron-ion  recombination  process.  Under  these 

conditions,  it  can  be  readily  shown  that  the  electron  density  varies  at 

tanh(Qn^  t)  during  the  iopization  portion  of  the  profile  and  varies  inversely 
o  I  I  ■  - 

as  1  +  un^  t  during  the  afterglow  pdrtion.  Here  n  is  the  st,aady  state 
O  ®0  .  ! 

electron  density  following  the  onset  of  the  electron  beam  (see  Fig.  4  ) 

and  a  is  the  electron-ion  recombination,  rate  coefficient.  Diffusion 

t  '  ' 

\ 

effects  can  be  neglected  in  the  present  experin\ent  because  of  the 


I 
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high  neutral  particle  density  and  the  large  physical  dimensions  of  the 
discharge  region  itself.  These  analytic  electron  density  predictions  are 
in  good  agreement  with  the  experimental  results  in  N2.^^ 

The  presence  of  impurity  attachment  considerably  complicates 
the  analysis  of  the  experiment.  The  following  processes  are  assumed 
for  purposes  of  experimental  analysis: 


AB'’’-*  A  +  B  +AE 


e  +  I-*I  +  AE 


.[  +  AB"^  ^  I  +  AB  +  A  E 


In  the  above  reactions,  AB"^  is  assumed  to  be  the  dominant  positive 
ion  and  I  the  impiirity  species.  The  details  of  the  attachment  process 
which  is  probably  via  three-body  stabilization  are  not  important  in  the 
present  analysis.  Collisional  detachment  is  not  expected  to  be  important 
because  of  the  low  ion  energies  which  are  approximately  thermal.  The 
electron  and  negative  ion  densities  are  now  described  by 


r  S  -  an^  (n  +  n  )  -  Pn^ 


=  Pn  -ynjn  +n_) 
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where  and  n  are  the  electron  and  negative  ion  densities  respectively, 
a  is  the  two-body  electron  ion  recombination  rate  coefficient, 

P  is  the  overall  attachment  rate  and  y  is  the  ion-ion  neutralization  rate 
coefficient.  The  above  equations  also  satisfy  charge  ronservation.  In 
these  equations  the  source  term  S  describes  the  rate  of  ionization  by  the 
primary  electron  beam  and  is  directly  proportional  to  the  electron  beam 
current. 

Unfortvinately,  there  are  no  analytical  solutions  to  be  above 

simultaneous  equations.  However,  it  is  possible  to  obtain  approximate 

solutions  provided  the  attachment  term  is  small  compared  with  the  electron- 

ion  recombination  rate,  i.  e.  P  «  an  .  This  was  true  for  the  experimental 

®o 

conditions  considered  here.  Under  these  conditions  the  density  of  negative 
ions  is  small  compared  to  the  electron  density  except  at  long  times  in  the 
afterglow.  The  electron  rate  equation  (4)  can  then  be  intergrated  in  the 
afterglow  region  to  give 


where  P'  =  p  -?■  an  and  n  is  assumed  to  be  approximately  constant 
'o 

as  verified  by  numerical  integration  of  Eqs.  (4)  and  (5).  The  subscript  o 
refers  to  the  steady  state  conditions  prior  to  the  afterglow.  The  result 
is  valid  except  for  long  times  until  an^  ~  P  and  attachment  then 
dominates  the  afterglow.  For  vanishingly  small  attachment  coefficient, 
Eq.  (6)  leads  to  the  expected  result 
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By  expansion  of  Eq.  (6)  it  can  be  seen  that  the  current  decay  in  the 
afterglow  will  have  an  initial  linear  slope  an^^  +  P'  and  will 
subsequently  decay  at  an  increasingly  faster  rate  due  to  the  impurity 
attachment.  This  is  evident  in  the  experimental  results  shown  in  Fig.  5. 

Both  P'  and  an^+ P'  can  be  derived  from  a  quadratic  fit  to  the  experimental 
data  in  the  initial  afterglow  region. 

With  the  approximation  p  «  an^  and  n  «  n  it  is  also  possible 

Cq  -  e 

to  integrate  Eq.  (4)  during  the  initial  ionization  process  and  so  derive 

n 

^  =  tanh  (an^  +  p)  t  (7) 

®o  o 

where  the  source  term  S  is  approximated  by  the  steady  state  conditions 
2 

S  =  an  +  Pn  .  It  is  therefore  possible  to  derive  an  from  the 
o  o  ®Q 

discharge  current  variation  during  the  onset  of  ionization  provided  that 
P  is  known.  Thus,  it  is  possible  to  check  the  value  of  an  obtained  in  both 
the  onset  and  afterglow  regions.  In  principle,  one  could  determine  the 
attachment  coefficient  P  by  meaisuring  the  slope  of  the  exponential  decay 
in  the  discharge  current  long  times.  However,  this  requires  a  very 
accurate  measurement  of  the  electron  current  and  this  v/as  beyond  the 
scope  of  the  experiment. 

In  order  to  determine  the  steady  state  electron  density,  n^  ,  from 

o 

the  discharge  current  density  measurements,  it  is  necessary  to  know 
the  electron  drift  velocity.  This  can  be  obtained  from  preWous  swarm 
measurements  or  by  solving  the  Boltzmann  equation  for  the  electron 
interaction  with  the  gas  using  cross  section  data  previously  measured  by 
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Schultz  and  inferred  by  Hake  and  Phelps.  The  latter  approach  fits  the 

experimental  swarm  data  and  can  be  used  to  predict  the  average  electron 

energy. 

As  a  check  on  the  simplified  analysis  described  above,  the  exact 

equations  were  solved  numerically  using  the  values  of  a  and  p  deduced 

from  the  above  analysis  and  an  assiimed  value  of  y  in  the  range  from 

2  X  10  to  2  X  10  cm  /sec.  Excellent  agreement  with  the  approximations 

(6)  and  (7)  was  obtained  over  the  entire  current  profile  for  ion-ion 

neutralization  rates,  y,  of  the  order  of  10"  cm  /sec.  This  value  is 

not  unreasonable  in  view  of  the  experimental  measurements  in  ion-ion 

18  19 

neutralization  in  oxygen  and  air  at  densities  of  the  order  of  one  amagat. 
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RESULTS  AND  DISC USSION 


The  summary  of  the  experimentally  derived  values  for  a  is  shown 

in  Fig.  6  as  a  function  of  the  average  electron  energy.  The  experimental 

results  are  shown  for  the  four  different  pressures  used  in  the  experiment 

and  in  addition  a  vertical  line  is  shown  through  each  experimental  point 

to  indicate  the  difference  in  a  as  deduced  from  the  afterglow  and  from 

the  onset  characteristics.  In  all  cases,  the  analysis  of  the  afterglow 

data  lead  to  a  higher  value  of  a  than  the  analysis  of  the  onset  data  with 

this  difference  decreasing  with  pressure  as  is  evident  from  Fig.  6.  The 

measured  recombination  rate  coefficients  lie  in  the  range  10"^ 

to  10  cmVsec  and  are  typical  of  dissociative  recombination  rates 
^  ,  2-4 

m^cisured  in  other  diatomic  molecules.  Based  on  the  measurements  of 
Chong  and  Ftanklin  and  McDaniel,  el.  al.®  il  U  assumed  that,  the  dominant 
ion  was  either  the  dimer  ion  CjO^+or  a  higher  order  polymer  ion  as  a 
result  of  the  very  large  rate  for  the  three  body  conversion  of  CO"*"  to 
0202*^  as  well  as  the  experimentally  observed  large  equilibrium  constant. 
Some  evidence  for  higher  order  polymers  of  the  CO  ion  is  given  by  the 
apparent  increase  of  the  recombination  rate  with  increasing  pressure. 

This  might  be  interpreted  as  indicating  a  change  in  the  equilibrium  ion 
concentration  amongst  the  possible  polymer  ions  as  a  function  of  pressure 
since  the  individual  polymer  ions  are  not  expected  to  exhibit  the  same  rate 
of  dissociative  recombination. 

The  discrepancy  between  the  recombination  rate  results  obtained 
from  the  afterglow  and  the  onset  characteristics  at  high  pressures  is 
somewhat  puzzling.  It  should  be  pointed  out  however  that  the  accuracy 
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of  the  determination  of  a  decreases  with  increasing  pressure.  This  is 
primarily  due  to  the  increase  in  the  effective  attachment  rate  at  high 
pressures.  The  difference  in  the  derived  values  of  a  between  the  onset 
and  afterglow  could  also  be  accounted  for  by  a  small  but  finite  rise  time 
in  the  switch-on  characteristics  of  the  electron  beam.  A  rise  time  of 
the  order  of  1  microsecond  is  more  than  sufficient  to  account  for  this 
difference  in  the  700  Torr  experiments.  Such  a  small  rise  time  would  not 
have  been  resolved  with'  the  existing  instrumentation  on  the  electron  gun. 

A  finite  rise  time  of  this  order  of  magnitude  would  not  affect  the  low 
pressure  results  because  of  the  slower  electron  decay  at  low  pressures. 
This  results  from,  the  smaller  attachment  rate  and  the  decrease  in  n 

e 

with  pressure  for  a  fixed  energy  electron  beam. 

The  recombination  rate  data  shows  a  fairly  steep  temperature 
dependence  approximately  T^  ^  where  T^  is  equivalent  temperature 
associated  with  the  average  electron  energy.  Such  large  temperature 
variations  have  been  observed  in  previous  shock  tube  experiments  in 

the  noble  gas  dimer  ions  and  in  shock  tunnel  experiments  in  N 

22  ^ 
and  CO.  These  experiments  were  performed  at  high  temperatures 

with  the  same  electron  and  ion  vibrational  temperatures.  These  high 

temperature  data  have  been  e.xplained  as  resulting  from  the  dependence 

of  the  recombination  cross  section  on  the  vibrational  state  of  the  ions.  ^ 

It  has  been  suggested  by  several  authors  that  the  recombination  cross 

section  decreases^^  rapidly  with  increasing  vibrational  quanta  number 

of  the  initial  ion.  This  argument  may  not  be  valid  in  the  present 

experiments.  Since  the  degree  of  vibrational  excitation  of  the  background 

CO  increases  linearly  with  time,  due  to  the  direct  excitation  of  the 
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vibrational  mode  by  electron  impact,  it  might  be  expected  that  the 
vibrational  excitation  of  the  ions  would  increase  with  time  due  to 
collisional  transfer  of  vibrational  energy.  However,  the  experimentally 
derived  recombination  rates  from  both  the  onset  and  the  afterglow  regions 
show  the  same  temperature  dependence  within  the  experimental  error. 

An  alternate  explanation  for  this  temperature  dependence  was  suggested 
by  Bardsley  who  discussed  the  possibility  of  indirect  recombination 
rather  than  direct  dissociative  recombination.  This  indirect  recombination 
is  thought  to  proceed  first  to  an  excited  Rydberg  state  which  is  followed  by 
a  two-step  predissociation  of  this  state.  This  process  may  be  important 
in  the  dimer  and  polymer  molecular  ions  although  there  does  not  appear 

t 

to  be  any  substantial  experimental  verification  of  this  process. 

The  only  other  experimental  data  in  CO  which  may  be  directly 
compared  with  the  present  are  the  results  of  Mentzoni  and  Donohoe^’  ^ 
taken  at  low  temperatures  and  the  shock  tube  measurements  of  Dunn. 

All  these  experiments  were  performed  under  conditions  where  the 
dominant  positive  ion  was  thought  to  be  CO"^  and  as  a  result  directly 
comparison  with  the  present  data  is  not  valid.  It  is  interesting  to 
observe  however  that  the  high  temperature  shock  tube  data  of  Dunn  which 
are  plotted  on  Fig.  6  as  the  hatched  region  show  a  similar  temperature 
dependence  in  the  present  data  whilst  lying  a.factor.  of  2  lower  than 
the  overall  rate  coefficient. 
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FIGURE  CAPTIONS 


Fig.  1 


Fig.  2 


Fig.  3 


Fig.  4 


Fig.  5 


Fig.  6 


Schematic  outline  of  the  one  meter  high  pressure 
CO  laser. 

Photograph  of  lasing  cavity  and  electron  gun 
housing. 

Schematic  of  experimental  apparatus  for  the 
electron-ion  recombination  measurements. 

Typical  electron  beam  and  discharge  current 
profiles.  Data  taken  at  p^Q  =  350  Torr  and 
E/N  =  1.  0  X  10'^^  volt-cm^. 

Experimental  data  in  the  afterglow  region  for 
a  CO  pressure  of  200  Torr. 

Summary  of  electron-ion  recombination  rate 
data  in  pure  CO. 
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